Objective: To minimize the neurological complications following cardiovascular surgery, it is essential to prevent an occurrence of cerebrovascular embolism and to detect and solve cerebral malperfusion without delay in the operating theater. Although we have introduced near-infrared spectroscopy (NIRS) monitoring for the purpose of detecting cerebral malperfusion, no criterion has been available. We searched for this criterion by examining the relationship of sustained drop in the regional oxygen saturation (rSO2) of the frontal lobes to the occurrence of neurological events. Methods: The 59 consecutive patients undergoing aortic surgery with selective cerebral perfusion (SCP) were examined. The rSO2 was monitored throughout the surgery and the durations of drops in rSO2 to below 55% and those below 60% were determined for each patient. The durations of rSO2 drop and other surgery-related parameters were compared between the patients in whom neurological events occurred and those without such events. Results: A total of 16 cases (27.1%) presented with neurological events. Newly developed cerebral infarction was documented in 6 of these 16 cases. Operation time and the durations for which rSO2 dropped were significantly longer for the 16 patients with neurological events than for the 43 patients without events (Op time: 546.8 versus 448.1 min, PZ 0.0064; rSO2 below 60%: 141.2 versus 49.8 min, PZ0.0032; rSO2 below 55%: 66.6 versus 10.6 min, PZ0.0011), while there was no significant difference in age, bypass time, aortic clamping time, SCP time, and circulatory arrest time between the two groups. In the 3 patients with infarcts suggestive to hypoperfusion, sustained decrease in rSO2 was observed, while it was not significant in the remaining 3 patients with infarcts suggestive to embolism. Among the 53 patients without infarction, transient neurological events occurred more frequently in patients with sustained drop in rSO2 below 55% for over 5 min (44.4% versus 5.7%, PZ0.0014). Conclusions: A sustained drop in rSO2 during aortic surgery is closely related to the occurrence of neurological events following surgery. We recommend that recovery of drop in rSO2 below 55% should be addressed without delay. However, use of NIRS is limited for detecting embolic events or hypoperfusion in the basilar region. q
Introduction
Patients undergoing aortic surgery can be complicated by neurological events, including cerebral infarction and transient neurological disorders such as confusion or disorientation. While the former is permanent and leads to considerable deterioration in quality of life, the latter can lead to falls, violent behavior, and hemodynamic instability in the immediate postoperative period. Such neurological symptoms are likely to result from different degrees of brain ischemia during surgery, which is mainly caused either by arterial embolism or by diffuse malperfusion of the brain. Strategies for prevention differ between these two etiologies. To avoid arterial embolism, careful manipulation by the surgeon is essential, while diagnosis of the embolic event is of little value. In contrast, diffuse malperfusion can be avoided only by early detection of malperfusion, followed by immediate restoration of adequate perfusion before irreversible damage develops. Thus, for this purpose, sensitive, real-time monitoring of brain ischemia is needed.
A number of modalities have been introduced for detecting cerebral malperfusion during cardiovascular surgery or carotid artery surgery, including transcranial Doppler ultrasound [1] [2] [3] and near-infrared spectroscopy (NIRS) [1] [2] [3] [4] [5] [6] [7] [8] [9] . We have routinely used NIRS monitoring since 1998 and have recognized that the regional oxygen saturation (rSO2) promptly drops upon temporary circulatory arrest, and then recovers as systemic circulation resumes in patients undergoing aortic surgery with selective cerebral perfusion (SCP). However, we have also found that a steep but transient drop in rSO2 is not related to the occurrence of a neurological event, and this led to the conclusion that brain damage is related to both the extent and the duration of the drop in rSO2. In this study, we have examined the relationship of a 'sustained' drop in rSO2 with the occurrence of neurological events, by means of a retrospective analysis.
Materials and methods
We examined 59 consecutive cases of patients who underwent aortic surgery with SCP under moderately hypothermic circulatory arrest. The patients included 41 males and 18 females, with ages ranging from 24 to 84 years old (an average of 67.6 years old). The preoperative diagnosis was aortic arch aneurysm, aortic dissection, aortitis, adult patent ductus arteriosus, and left subclavian aneurysm in 33, 22, 2, 1 and 1 cases, respectively. The surgical procedures used were total arch replacement, transaortic stent graft implantation, ascending aorta replacement, aortic root replacement, aneurysm resection, and closure of the ductus arteriosus in 24, 20, 11, 2, 1 and 1 cases, respectively. This study was approved by the institutional ethics committee on human research in our institute and informed consent was obtained from each patient.
Surgery was performed by a single surgeon and the method of anesthesia and extracorporeal circulation, including SCP, was unchanged during the period over which the 59 procedures were performed. Alpha-stat protocol was used throughout this period. Circulatory arrest was started after the body temperature was reduced to 25 8C and SCP was established with a basic perfusion rate of 250 ml/min for each branch artery. Retrograde cerebral perfusion was not used in any case. During SCP, the perfusion pressure was monitored at the right radial artery and the tip of the perfusion cannula in the left common carotid artery. When the perfusion pressure was unusually low (!40 mmHg), the total perfusion rate was increased to 1000 ml/min and/or a vasoconstrictor was administered. Cerebral perfusion was regulated based on information from conventional monitoring of flow rate and perfusion pressure. Transfusion was initiated when the hemoglobin level fell below 7.0 g/dl.
After induction of anesthesia, a dual sensor NIRS system, TOS-96 (TOSTEC Co., Tokyo, Japan), was attached to the patient's forehead for monitoring the rSO2 in the bilateral frontal lobes at a depth of approximately 3 cm beneath the skin. Each sensor consists of one silicon diode which receives the signal and three LEDs which emit near-infrared light of wavelengths 750, 850 and 810 nm, respectively, for measurement of deoxyhemoglobin (deoxy-Hb), oxyhemoglobin (oxy-Hb), and hemoglobin level (Hb Index), respectively. The rSO2 (%) was calculated from the NIRS data, using the following equation.
rSO2 Z ðoxy K HbÞ=ðoxy K Hb C deoxy K HbÞ !100
The Hb Index (proportional to the Hb concentration in brain tissue) was measured and expressed as a trend of relative values, starting from 1.0. The rSO2 was measured every 5 s throughout the surgery. For subsequent analysis, all data were saved as text files on the hard disc of the NIRS system.
In examining the relationship of the rSO2 data to neurological symptoms, we focused only on clinically problematic events during and immediately following surgery. These included: (1) newly developed cerebral infarction; (2) transient neurological signs and symptoms, including anisocoria, mydriasis, or convulsion, which potentially suggest the occurrence of cerebral infarction; and (3) altered consciousness. Subtle cognitive disorders were excluded from analysis in the current study. Computed tomography (CT) and/or magnetic resonance imaging (MRI) was performed whenever brain injury was suspected, and data from these techniques was provided by radiologists who were blinded to the intraoperative rSO2 data. New cerebral infarction was diagnosed based on the CT/MRI findings, compared with preoperative findings whenever available. When the preoperative CT/MRI was not available, mainly due to unstable hemodynamics, the onset of infarction was determined as intraoperative based on the CT/MRI findings or longitudinal changes of the infarct. The size of the pupil was routinely checked by the anesthesiologists in the operating theater, and by the intensive care unit staff. Anisocoria was considered significant when the difference in pupil sizes was larger than 1 mm, and mydriasis was considered significant when the pupil was larger than 7 mm. Events of altered consciousness, such as restlessness, disorientation, or confusion, were picked up from the chart record and were considered significant when they required sedatives for safety reasons, as determined by the presiding doctor, who was also blinded to the intraoperative rSO2 data. Transient events which occurred later than the seventh postoperative day, and did not have a preceding neurological event, were excluded from the analysis.
The following parameters were examined for correlation with the occurrence of neurological events: (1) age, (2) type of operation, (3) operation time, (4) CPB time, (5) aortic cross-clamp (AOX) time, (6) SCP time, and (7) circulatory arrest time. From the rSO2 data, the durations of the drops in right and left rSO2 to below 60% were determined for each patient. The longer of the two rSO2 decreases (right and left) below 60% was used as the representative value for the individual patient. Similar data were also determined for the duration of a drop in rSO2 below 55%.
Statistical analysis was performed using a MannWhitney test for comparing the above parameters between two groups, and analysis of variance was used for comparing parameters among three or more groups. The data were expressed as meanGSE. Differences in the incidence of neurological events between categories was examined using the chi-square method, with Fisher's exact probability test used when the number was smaller than 5. A difference was considered to be statistically significant when the P value was less than 0.05.
Results
A total of 16 cases (27.1%) presented with neurological events: confusion, convulsion, anisocoria, mydriasis, and motor disturbance was observed in 5, 5, 4, 1 and 1 patients, respectively. Newly developed cerebral infarction was documented with postoperative CT and/or MRI in 6 of these 16 cases. The neurological symptoms alleviated within a few days and had completely disappeared within a few weeks.
NIRS data was obtained for every patient. The rSO2 mostly remained above 65% throughout the surgery, but occasionally dropped to below 60% at the onset of CPB; at the time of clamping and declamping of the aorta, during which the pressure dropped below 50 mmHg for a few seconds; in the period from the onset of circulatory arrest to the start of SCP; and during anastomosis of branch arteries performed without selective perfusion. However, the rSO2 recovered to its previous level as soon as perfusion was resumed. However, in a subset of patients, the decrease in rSO2 was sustained for unusually long periods.
To examine the relevance of the sustained drop in rSO2, the total durations for which rSO2 dropped below 60 and 55% were compared between the 16 patients in whom neurological events occurred and the 43 patients without such events (Table 1) . Surgery-related parameters were also compared between these two groups of patients ( Table 1) . The operation time was significantly longer for patients undergoing total arch replacement (548.9G32.8 min), compared with the times for stent graft implantation (415.5G16.0 min, PZ0.0007) and ascending aorta replacement (435.5G26.5 min, PZ0.0070). Operation time and the durations for which rSO2 dropped below 60 and 55% were all significantly longer for patients with neurological events, while there was no significant difference in age, CPB time, AOX time, SCP time, and circulatory arrest time between the two groups. There was no significant difference in incidence of neurological events among the following three surgical procedures: total arch replacement, stent graft implantation, and others.
The details of the cerebral infarction detected in 6 cases are listed in Table 2 . Two cases (cases #6 and #57) had a watershed infarct in the frontal lobe, suggesting diffuse hypoperfusion in the carotid artery region. Case #15 had multiple infarcts in the cerebellum and the posterior lobe, and the radiologist commented that malperfusion of the basilar artery region was probably responsible. In these 3 cases, the rSO2 remained below 60% for longer than 100 min and below 55% for longer than 15 min. On the other hand, a segmental infarct, indicating an arterial embolism, was seen in the remaining three cases (cases #1, #22, and #55), and no sustained decrease in rSO2 was observed in these three cases.
The relationship of the drop in rSO2 to neurological events that did not involve cerebral infarction, as shown by CT or MRI, was examined in 53 cases, after exclusion of the 6 patients with cerebral infarction. The durations of the drop in rSO2 below 60 and 55% were significantly longer in the 10 patients with neurological events but no cerebral infarction, compared to those patients without such events (93.5 versus 10.6 min, PZ0.0009; 175.9 versus 50.0 min, PZ0.0026, respectively). Transient neurological events occurred in only 2 of 35 cases (5.7%) that showed a drop in rSO2 below 55% that was sustained for less than 5 min, while such events occurred in 8 of 18 cases (44.4%) with an rSO2 drop longer than 5 min (PZ0.0014).
Discussion
The results of this study show that the occurrence of a neurological event is significantly related to a sustained decrease in rSO2 during surgery. We have previously examined blood flow velocity in the central retinal artery (using orbital ultrasound monitoring) and demonstrated that the critical perfusion pressure for detectable blood flow varied significantly among individual cases (20-50 mmHg), and that neurological events occurred more frequently in patients with higher critical pressure [10, 11] . This result shows that tolerance of the brain to hypoperfusion varies among individuals, and that ischemic complications may be inevitable in a certain population of patients, if intraoperative management is uniform. Thus, tailor-made management based on real-time information of events in the skull is needed to prevent such neurological complications.
The most desirable intraoperative management in an individual case would be most accurately indicated by preoperative assessment of cerebral perfusion under hypotensive and non-pulsatile circulation. However, it is practically difficult to make this assessment in every patient, including in emergency cases. Thus, real-time monitoring available in the operating room is useful in the clinical setting. However, use of transcranial Doppler is limited during CPB or SCP with low perfusion pressure, and although orbital ultrasound monitoring might be an option, it is not suitable for continuous monitoring because of possible damage to the orbital tissue. In contrast, NIRS is advantageous since it automatically provides data both noninvasively and continuously.
To utilize NIRS effectively, development of criteria indicating cerebral malperfusion is necessary. In this study we adopted two cut-off values of rSO2 (60 and 55%), for the following reasons. First, the oxygen saturation of arterial blood is nearly 100% and that of venous blood is 50-60%. Assuming that the arterial blood occupies about one fourth of the tissue blood, the mean oxygen saturation in the tissue is estimated to be 60-70%. When the arterial blood supply is interrupted, oxygen is consumed and the rSO2 drops to that of venous blood, around 60%, and then anaerobic metabolism begins. The rSO2 actually shows a biphasic decline when arterial perfusion is interrupted: rSO2 initially drops rapidly, and then the slope becomes more gradual. Second, the lower normal limit of oxygen saturation that is commonly accepted in monitoring of jugular vein blood is 55%. Third, the lower limit of oxygen saturation of mixed venous blood is 60%. Consistent with this approach, Hirofumi et al. recently reported the criterion for neurological compromise as an rSO2 of less than 54-56.1% in cases of carotid endoarterectomy [12] .
Our results indicate that occurrence of neurological events increases when a drop in rSO2 below 55% is sustained for longer than 5 min. When the rSO2 drops, some measures to restore the oxygen saturation are needed to prevent development of brain damage. The drop in rSO2 is related to several factors: (1) reduced oxygen saturation in the arterial blood, (2) a low hemoglobin level, (3) reduced arterial blood flow, (4) increased oxygen consumption in the cerebral tissue, and (5) venous congestion. Whatever the cause, NIRS provides a measure of the ultimate oxygen balance in the brain. To clarify the reason for a drop in rSO2, analysis of oxy-Hb, deoxy-Hb, and Hb index is helpful.
This study also shows the limitations of NIRS monitoring for detection of cerebral ischemia. A drop in rSO2 was not apparent in cases of cerebral infarction caused by embolism, while patients with watershed infarction in the frontal lobe had a sustained rSO2 drop. Hence, rSO2 can remain unchanged when the emboli cause cerebral ischemia at a site other than the NIRS sampling site. In case #15, in which cerebral infarction in the basilar region occurred, the left subclavian artery was not perfused during SCP because it arose from the aneurysm. The surgeon expected that adequate collateral circulation would be present via the circle of Willis until the left subclavian artery could be reperfused. However, the rSO2 in the right frontal lobe remained low while the left rSO2 was mostly over 70%. If the basilar artery depended only on collateral perfusion from the right common carotid artery, hypoperfusion of the basilar artery region could be marked by insignificant ischemia in the right frontal lobe.
Electrocautery may also interfere with NIRS monitoring, leading to another limitation of NIRS. Fortunately, electrocautery is mostly used during sternotomy and chest closure, and interference is minimal during CPB, during which continuous rSO2 monitoring is important. It is also clear that use of NIRS monitoring alone cannot explain every neurological event. For example, NIRS is unlikely to be capable of differentiating the causes of the rSO2 drop: malperfusion, atheroma, or air. However, such monitoring can provide an alert that cerebral ischemia is likely to be present at a given moment. Once cerebral ischemia is suspected from the NIRS data, cerebral blood flow can be further examined to allow clarification of the problem.
In conclusion, a sustained drop in rSO2 drop during aortic arch surgery is closely related to the occurrence of neurological events. From our results, we recommend that recovery of a drop in rSO2 below 60% should be addressed without delay. One should be aware, however, that use of NIRS is limited for detecting embolic events or hypoperfusion in the basilar region.
